ABSTRACT Habitat loss is oftenÑ but not alwaysÑ correlated with diminishing levels of biodiversity. When species diversity does not vary across a gradient of patch sizes, species replacement may still occur in which some species are lost from smaller habitat patches and replaced by other species. In particular, matrix-dwelling species may become disproportionately abundant in smaller patches. In this study, I tested the hypothesis that the abundance of four crop and pasture grass consumers (Lepidoptera: Crambidae, Noctuidae) would be higher in smaller forest fragments compared with larger woodland sites in two ecoregions of Ohio. The two ecoregions differed in the dominant habitat type within the surrounding matrix and in the two most abundant matrix-dwelling moth species that were found in forest patches. In both ecoregions, smaller forests contained a signiÞcantly higher abundance of matrix-dwelling moth species, and patch area explained between 50 and 78% of the total variation in moth abundance. Because the total abundance of moths did not vary across the gradient of patch sizes in each ecoregion, the invasion of small forest stands by matrix-dwelling species may offset a reduction in the abundance of forest-interior moth species. If so, regional moth species diversity is predicted to become increasingly impoverished as small forest fragments and agricultural habitats converge in species composition.
THE CONVERSION OF DECIDUOUS woodlands into agricultural Þelds is widely regarded as one of the greatest contributors to the current pattern of forest fragmentation in eastern North America (Norton 1996) . This is especially apparent in the midwestern United States, where forest habitats tend to be restricted to riparian corridors, mesic lowlands unsuitable for plowing, and sandy ridges that are considered unproductive for crops (Medley et al. 1995) . In states such as Ohio, Indiana, and Illinois, such forest remnants tend to be small (Յ25 ha) and relatively isolated from each other. Furthermore, few large forested areas in this region are designated as parks or natural areas, elevating the potential importance of small, privately owned woodlots in the long-term preservation of natural biodiversity .
Smaller, more isolated forest remnants juxtaposed within an agricultural matrix support fewer species of large mammals, migratory birds, and invertebrates compared with larger forest stands (Ambuel and Temple 1983 , Ehrlich 1996 , Didham 1997 , Usher and Keiller 1998 . Indeed, across a gradient of patch sizes, levels of depauperization in native species may be quite severe for some groups of animals, rendering smaller sites useless as habitat for the preservation of signiÞ-cant biodiversity (Debinski and Holt 2000) . In other studies, however, forest habitat area has not proven to be a reliable predictor of species richness, particularly for the nocturnal Lepidoptera (Daily 1996 , Ricketts et al. 2001 , Summerville and Crist 2003a . Thus, large and small forest remnants often support similar numbers of species (Summerville and Crist 2003b) .
When species richness does not differ among habitat patches of varying sizes, the crucial question for conservation becomes whether species composition also remains unchanged . Two alternative patterns of moth species composition may be observed in forest moth communities. When species richness is invariant among different sized patches, (1) community composition may also remain unchanged or (2) moth species in the surrounding agricultural matrix may replace forest interior species in smaller forest patches (Ås 1999) . Summerville and Crist (2003a, b) offered evidence that species replacement may structure the moth communities of forest remnants located in an agricultural matrix dominated by row crops or pasture habitat: moth species typical of forest interior habitat are lost as stand area decreases, but total species richness remains relatively unchanged. Furthermore, signiÞcant differences occurred for species composition of Lepidoptera among forest fragments, suggesting that a different suite of moths occurred in smaller patches relative to larger forest stands (Summerville and Crist 2003a) . The unanswered question from these studies, however, is the extent to which differences in moth species composition among forests are driven by an increasing abundance of matrix-dwelling moth species in smaller forest fragments.
In this study, I examine whether several common crop and forage pests are disproportionately abundant in small forest sites compared with larger woodlands. SpeciÞcally, I tested the hypothesis that smaller forests would contain a greater abundance of moth species with larval stages that are known to feed on vegetation characteristic of agroecosystems. To assess whether habitat matrix type inßuences the ability of nonforest moth species to occur within forest remnants, I tested this hypothesis in two ecoregions in Ohio and Indiana: the North Central Tillplain (NCT), in which the dominant habitat matrix is corn and soybeans, and the Western Allegheny Plateau (WAP), in which the dominant matrix vegetation is old-Þeld and pasture grasses.
Materials and Methods
Site Descriptions. This study was conducted from May to August 2001 in OhioÕs two largest ecoregions: the WAP and the NCT (Fig. 1) . The demarcation between these two ecoregions roughly corresponds to the Pleistocene glacial terminus in Ohio. The WAP largely escaped glaciation, whereas the NCT was exposed to signiÞcant glacial scouring (The Nature Conservancy 1999). As a result, forests in the WAP occur on variable topography (steep slopes and narrow drainages) with a parent material composed of noncalcareous shales and other conglomerates (e.g., Waverly and Pottsville shales, see Boerner and Kooser 1989) . In contrast, forests in the NCT developed on a more rolling topography underlain by Þne textured glacial till and limestone bedrock. Braun (1961) classiÞed the forest vegetation of the WAP as mixed mesophytic and compared this with the less heterogeneous beech-maple association commonly encountered in the NCT. Finally, the intervening matrix surrounding forest stands also differs between ecoregions (Summerville and Crist 2003a) . Forest stands in the NCT are interspersed within a matrix dominated by row crops such as corn and soybeans. In contrast, forest stands in the unglaciated WAP generally occur within a matrix of old-Þeld and pasture grasses. More detailed descriptions for both ecoregions may be found in The Nature Conservancy (1999) and .
In 2001, I sampled Lepidoptera from 12 forest sites in the glaciated NCT (Butler, Preble Co., OH; Franklin Co., IN) and 9 forest sites in the unglaciated WAP (FairÞeld and Hocking Co., OH). Forest sites were selected based on three suitability criteria: stand size, forest age, and tree composition. First, I chose sites that varied in area (range, 2Ð250 ha in each ecoregion). Second, to minimize the effects of forest age on moth community structure (see Summerville and Crist 2002) , I restricted site selection to those forest tracts that contained trees Ͼ60 yr old. Finally, to control for the effects of topographic heterogeneity on moth communities, I focused my study on upland forest communities within each ecoregion.
Experimental Design. In the center of each forest site, I designated a 1-ha stand for moth sampling and erected a single blacklight trap station in the center of each stand. A trap station consisted of a plywood platform elevated by a 1.5-m steel pipe. I sampled Lepidoptera using 12-W universal blacklight traps (BioQuip Products, Rancho Dominguez, CA) powered by 12-V (26 Amp-h) gel batteries. Blacklight traps are widely considered to be the standard technique for sampling moth communities, although the method is biased toward collecting phototactic species (Southwood 1978) . Summerville and Crist (2002) discuss other limitations of blacklight trapping for assessing the diversity of forest moth species.
I sampled Lepidoptera during June (early) and August (late) 2001 to accommodate phenological variation in community composition and species diversity. In temperate forest systems, these months correspond to peaks in species richness of forest moths (Thomas and Thomas 1994) , and, more importantly, peaks in adult emergence for many moth species that feed on agricultural or pasture vegetation as larvae (e.g., Buntin and Pedigo 1983 , Covell 1984 , Tolley and Robinson 1986 . To standardize the hours of trap operation, a consistent sampling interval was used in both the early and late seasons (1930 Ð 0600 h EDT). Because weather has a signiÞcant effect on moth ßight behavior and light-trap efÞciency, I sampled only on nights when the minimum temperature was 15.5Ð17.5ЊC, there was no precipitation, and ambient moonlight was low (i.e., half-to new-moon phases) as recommended by Yela and Holyoak (1997) .
I conducted three trapping rotations within each ecoregion during both early and late seasons. Each trapping rotation consisted of a single trap night within each forest site (12 NCT sites and 9 WAP sites). On any given trap night, one cluster of three forest sites was randomly selected within a single ecoregion, and one blacklight trap was placed in each. I determined clusters a priori based on the spatial proximity of the sites to one another to reduce travel time during trap set-up (Fig. 1) . Within a sampling rotation, site clusters were randomly selected, so each cluster was only sampled once in a given rotation. Overall, a total of 122 samples was collected in early and late seasons combined, and despite the meteorological restrictions of sampling, I completed each full rotation of trapping in 7Ð9 d. Voucher specimens were deposited in the insect collection at Miami University and in the research collection of the primary investigator at Drake University.
Data Analyses. I tested for differences in the abundance of several common matrix-dwelling moth species among forest sites differing in stand area using linear regression (SAS PROC REG; SAS Institute 2000). Regression models included forest area (ha) as an independent variable, which was determined using orthodigital aerial photographs of the landscapes within each ecoregion and GIS analysis (ArcView 3.2 for Windows; ESRI, Redlands, CA). Other variables, such as stand isolation and stand perimeter:area ratio, are known to inßuence colonization abilities of matrixdwelling invertebrates in fragmented landscapes, but such variables are often intercorrelated with stand area (Klein 1989 , Didham 1997 , Usher and Keiller 1998 . In addition, Summerville and Crist (2003b) determined that the inclusion of such variables in regression models added little to the proportion of variance explained for moth species abundance or diversity in fragmented landscapes. Finally, nonlinear regression with a quadratic effect of patch area was used to evaluate whether thresholds in habitat loss were required before abundance of matrix-dwelling moth species increased in forest stands.
Because the predominant matrix vegetation differed between the unglaciated WAP and the glaciated NCT, separate regressions were performed for each ecoregion. In the WAP, the most common matrixdwelling species were two forage pests: the sod webworm moth, Crambus agitatellus Clem. (Crambidae), and the mossy Lithacodia, Lithacodia muscosula Gn. (Noctuidae). Both of these species have larval stages that feed on a variety of grasses (Covell 1984 , Zhang 1994 , Robinson et al. 2002 . In contrast, the most abundant matrix species in the NCT were the European corn borer, Ostrinia nubilalis Hbn. (Crambidae), and the green cloverworm moth, Plathypena scabra F. (Noctuidae). O. nubilalis is considered a serious pest of corn (Losey et al. 2001) , whereas P. scabra is regarded as a defoliator of soybeans and other legumes (Buntin and Pedigo 1983, Zhang 1994) . In general, few C. agitatellus and L. muscosula were sampled in forests of the NCT, and likewise, few O. nubilalis or P. scabra were sampled in forests of the WAP. Thus, each ecoregion differed in both the matrix vegetation surrounding forest remnants as well as the dominant matrix-dwelling moth species. To test for differences among regression slope coefÞcients, I used TukeyÕs post hoc test as suggested by Phillipi (1993) . To meet the normality assumptions of linear regression, I log-transformed species abundance and forest stand area values before my analyses.
Results
I sampled a total of 493 moth species and 19,912 individuals from the 21 forest sites in 2001. Greater species richness and abundance of moths were observed in forests of the historically glaciated NCT (412 species and 11,902 individuals) compared with the unglaciated WAP (366 species and 8,010 individuals). Interestingly, within each ecoregion, total abundance of moths was not signiÞcantly affected by variation in forest area (R 2 Ͻ 0.15, P Ͼ 0.25 for regressions in each ecoregions, see Summerville and Crist 2003b for ad-ditional analyses). Thus, small and large forests supported the same number of moth individuals.
In both ecoregions, however, smaller forest stands contained a signiÞcantly greater abundance of moth species that possess larvae known to feed on agricultural crops or grasses compared with larger forests. Indeed, variation in forest stand area explained between 50 and 78% of the variation in abundances of the four most common agricultural or forage pest species (Table 1) . In the NCT, the abundance of O. nubilalis was Ϸ30 times greater in forest patches Ͻ5 ha in size compared with forests Ͼ75 ha in area (P ϭ 0.0001; Fig.  2) . Similarly, the abundance of P. scabra was approximately Þve times greater in small compared with large forest sites (P ϭ 0.01; Fig. 2 ). Nonlinear regressions that included quadratic effects of patch area on abundance of O. nubilalis or P. scabra were nonsigniÞcant (P ϭ 0.075 and P ϭ 0.69, respectively).
In the WAP, abundances of moth species that possess larvae known to feed on grasses, C. agitatellus and L. muscosula, were 15Ð20 times larger in smaller forests compared with large woodland habitats (Fig. 3) . Nonlinear regression models using a quadratic effect of forest area were nonsigniÞcant for both species (P ϭ 0.69 for C. agitatellus; P ϭ 0.20 for L. muscosula). Finally, results of the post hoc comparison among the slope estimates from each regression (see Table 1 ) indicated that there were no signiÞcant differences in the tendency for matrix-dwelling moth species to attain large abundances in smaller forest stands (P Ͼ 0.05; Fig. 4) . Thus, matrix-dwelling species seem to respond to forest patch size in a consistent manner, regardless of matrix habitat type or species identity. The slope of the regression on forest stand size and O. nubilalis abundance was, however, marginally different than the other three slope estimates (P Ͻ 0.10).
Discussion
Smaller forest stands contained a signiÞcantly greater number of matrix-dwelling moth species than larger woodland areas, and this pattern did not differ between the two Ohio ecoregions. Furthermore, total abundance of moths did not vary among the forests in each ecoregion. Summerville and Crist (2003a, b) , however, determined that patch area was a signiÞcant predictor of the richness and abundance of moths that feed on woody plants as larvae, with smaller forest fragments containing fewer individuals. Together with my results here, it seems likely that the reduction in abundance of woody-feeding moths in smaller forest stands is offset by an increase in the abundance of All of the regressions are signiÞcant (P Յ 0.01).
Fig. 2.
Relationship between the log-area of forest stands in the NCT and the log-abundance of two moth species that possess larvae known to feed on agricultural crops. Both regressions are signiÞcant (P Ͻ 0.01). The regression equation for O. nubilalis (solid line) is log-abundance ϭ Ϫ0.93 ϫ (log-area) ϩ 6.14, whereas the equation for P. scabra (dashed line) is log-abundance ϭ Ϫ0.64 ϫ (log-area) ϩ 4.95. matrix-dwelling moths (Summerville and Crist 2003b) . Thus, the differences in moth community composition among forest fragments described by Summerville and Crist (2003a) are attributable, in part, to invasion of smaller forest remnants by matrixdwelling moth species (Ås 1999) .
The overall similarity in regressions slopes among the four moth species suggests that colonization of forest fragments by matrix-dwelling moths may be highly predictable and does not require thresholds of habitat loss. The lack of differences among regression coefÞcients is somewhat surprising given the relative differences in body size and dispersal ability among the species (Covell 1984 provides ranges of wing span) and the difference in matrix habitat structure. In contrast to Ricketts (2001) , the type of matrix habitat created after habitat conversion seems to matter less than the amount of forest habitat lost when predicting the dynamics of species replacement in moth communities. Bierregaard et al. (2001) concurred with Ricketts (2001) ; habitat loss was more important than matrix type in determining the postfragmentation structure of Amazonian invertebrate communities. To the extent that other matrix-dwelling moth species respond consistently to changes in forest stands size, it will be useful to develop a model similar to the Core-Area model of Laurance et al. (1999) for predicting patterns of species replacement before habitat loss rather than describing such changes a posteriori.
In addition to this research on moths in eastern deciduous forests, several recent publications concluded that smaller patches of forest contain a fauna Fig. 3 . Relationship between the log-area of forest stands in the WAP and the log-abundance of two moth species that possess larvae known to feed on pasture and old Þeld grasses. Both regressions are signiÞcant (P Ͻ 0.01). The regression equation for C. agitatellus (solid line) is log-abundance ϭ Ϫ0.64 ϫ (log-area) ϩ 4.15, whereas the equation for L. muscosula is log-abundance ϭ Ϫ0.66 ϫ (log-area) ϩ 4.08. Fig. 4 . Results of a post hoc comparison of slope estimates produced from regressions relating differences in the log-abundance of several moth species to variation in the log-area of forest stands. Slope estimates were not signiÞcantly different (P Ͼ 0.05), although the slope from the O. nubilalis regression (*) was marginally greater than those from the other three regression models (P Ͻ 0.10). more similar in species diversity and composition to the surrounding habitat matrix than to areas of large, undisturbed woodland (Loman and von Schantz 1991 , Holt 1993 , Ås 1999 , Summerville and Crist 2003a , but see Ricketts et al. 2001) . A number of hypotheses have been developed to explain this phenomenon; however, only a few are applicable to moth communities. First, blacklight traps may have oversampled the surrounding agricultural or pasture matrix habitat surrounding smaller forests compared with larger forests (see Burford et al. 1999) . If this hypothesis is correct, the large abundance of species such as O. nubilalis in small woodlots is a sampling artifact rather than a bone fide ecological pattern. I attempted to avoid sampling bias by locating blacklight traps in the center of each woodlot, and no trap was Ͻ65 m from a forest edge. During operation, traps were not visible from the surrounding matrix, and 12-W UV bulbs are generally assumed to have a limited attraction distance Ͻ50 m (Nieminen 1986) . My experimental design, however, was primarily employed to detect differences in moth species more characteristic of forest interior habitat, so I cannot deÞnitively eliminate the sampling bias explanation for contributing to some of the pattern that I observed. If the population density of matrixdwelling moth species is larger near forests edges, blacklight traps may still draw additional individuals into smaller patches. Studies that address variation in adult population density within Þelds and boundary permeability among edge types will be useful in evaluating the degree to which nonagricultural habitats are occupied by potential pest species.
Some Þeld observations lend credence to the assertion that matrix-dwelling moth species are capable of colonizing the interior of smaller forest fragments. For example, large numbers of O. nubilalis and P. scabra were observed mating or perching on the undersides of herbaceous plants, particularly Urtica dioica L. and Ambrosia trifida L., in the interior of small forest stands of the NCT during daylight hours on nontrapping days and before trapping sessions (unpublished data) . This indicates that these two species occupied forest habitat when my traps were not in operation. Similar observations were made for C. agitatellus in the WAP forest sites; adult moths perched on the undersides of herbaceous vegetation. Few L. muscosula were observed in the Þeld, however, because the species are smaller and more cryptic. Similar observations have been made in other agricultural landscapes. Usher and Keiller (1998) indicated that smaller forest remnants contained moth communities similar in composition to pasture and crop Þelds.
Populations of some matrix-dwelling moth species may become established in smaller forest fragments when fragments are within range of dispersing individuals and suitable host plants are available for oviposition (Brown and Hutchings 1997, Davies et al. 2001) . Because the modal dispersal distance for matrix-dwelling species such as O. nubilalis is Ͻ1 km, woodlots are only likely to be regularly colonized when they are located relatively close to crop Þelds (Ostlie and Hutchinson 2001) . Host plant availability is likely related to the penetrating distance of edge effects. In temperate forests, edge effects signiÞcantly alter plant communities in habitat fragments, with smaller forests supporting herbaceous vegetation disproportionately comprised of matrix-dwelling plant species (Burke and Nol 1998) . Both O. nubilalis and P. scabra are known to oviposit and feed on plants in twelve other families aside from their row-crop host (reviewed in Robinson et al. 2002) , so it seems plausible that these species could establish populations in forests where edge effects have modiÞed the original vegetation (Carter et al. 1982 , Losey et al. 2001 . Summerville and Crist (2003a) studied differences in vegetation among a subset of the forest patches in the NCT and determined that smaller sites contained a greater abundance of U. dioca, Solidago spp., Aster spp., and Helianthus spp., all of which may be used by O. nubilalis as alternate hosts (Robinson et al. 2002) . Furthermore, in the WAP, a number of grasses (e.g., Panicum spp., Festuca spp., Poa spp.) occur in moderate densities in smaller forest remnants (Summerville and Crist 2003) , suggesting that host plant resources are available for larvae of C. agitatellus and L. muscosula. Finally, some nonlinearity is suggested in the relationship between abundance of O. nubilalis or C. agitatellus and forest area. Our regression models lack sufÞcient power to detect signiÞcant nonlinear effects; however, greater replication of forest sites, particularly for forest stands 15Ð 40 ha, may identify a threshold in habitat loss required for woodlots to become "suitable" for matrix-dwelling Lepidoptera.
In conclusion, my data indicate that several species of moths typically encountered in agricultural or pasture habitat attain signiÞcantly greater abundances in small forest fragments compared with larger woodlands. Therefore, smaller forests may actually support moth communities that are more similar in composition to the surrounding matrix habitat than to larger areas of the same vegetation structure. This effect would serve to reduce regional lepidopteran diversity within highly fragmented landscapes, even if the species diversity of moths remains relatively high within small forest remnants. Just as important, perhaps, is that small forest fragments Ͻ1 km from crop Þelds or pastures may provide important refuge habitat for some economically injurious moth species, perhaps increasing the effectiveness of pesticide resistance management programs.
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